The edge surfaces of single crystal CdTe play an important role in the electronic properties and performance of this material as an X-ray and γ-ray radiation detector. Edge effects have previously been reported to reduce the spectroscopic performance of the edge pixels in pixelated CdTe radiation detectors without guard bands. A novel Technology Computer Aided Design (TCAD) model based on experimental data has been developed to investigate these effects. The results presented in this paper show how localized low resistivity surfaces modify the internal electric field of CdTe creating potential wells. These result in a reduction of charge collection efficiency of the edge pixels, which compares well with experimental data.
Introduction
Cd(Zn)Te single module devices have shown encouraging results for X-ray imaging but many applications, such as nuclear medicine and airport security, require larger radiation detectors. Large area Cd (Zn)Te crystals are limited to the maximum ingot sizes of 85 mm in diameter and pixelated devices are restrained to the reticle size of the ASIC used in the foundry (typically o2 Â 2 cm 2 ). Cd(Zn)Te modules can be tiled together to form a larger detector array [1] [2] [3] . This structure produces gaps between modules due to the space taken by the ASIC readout and by the guard band in the sensor and can be detrimental for X-ray imaging, particularly in medical applications. Through Silicon Via technology and active-edge detectors, where pixels are sensitive up to the physical edge of the device, are required to minimize these gaps and build a large panel Cd(Zn)Te detectors for X-ray imaging.
Guard bands have been employed in radiation detectors since the 1960s to mitigate edge effects due to the presence of defects in the physical edge of the CdTe detector created by wafer dicing without subsequent edge treatment. Many studies have investigated the effect of the surface preparation of Cd(Zn)Te prior to the deposition of contacts where reductions in leakage currents in Cd (Zn)Te radiation detectors and better adhesion and electrical properties of the electrical contacts deposited are achieved [4] [5] [6] [7] [8] . However, little has been done to investigate the effect of edge processing in Cd(Zn)Te radiation detectors. J. Crocco et al. have reported that mechanical polishing of the edge decreases detector leakage currents by 200% when a surface rms roughness of 20 nm is achieved [9] , but the 1 mm thick CdTe radiation detectors supplied by Acrorad rely on a smooth wafer dicing process to decrease edge damage and subsequent leakage current.
The STFC Rutherford Appleton Laboratory has developed a pixelated active-edge Acrorad CdTe radiation detector bonded to the HEXITEC ASIC. HEXITEC is a fully spectroscopic readout ASIC for X-ray imaging up to 200 keV that is able to read the position and energy of each interacting photon [10] . The active-edge detector configuration has a 250 mm pixel pitch where the guard band has been removed and the edge pixels extended to the physical edge of the crystal. Non-uniformities in the spectroscopic performance of this HEXITEC active -edge CdTe detector with Acrorad diced edges were present in only 13% of the edge pixels and these were typically characterized by a reduction in the charge collection efficiency [11] . A study with a 10 μm Â 10 μm 20 keV monochromatic beam at the Diamond Light Source synchrotron showed that a non-uniform reduction in the electric field up to 200 μm from the crystal edge in these pixels was responsible for the poor performance [11] . These promising results show that the majority of edge pixels have excellent spectroscopic performance in detectors with Acrorad diced edges, but that the spatial variation in non-uniformities at the crystal edges need to be further understood. The edge leakage current of these devices has been measured to be at least an order of magnitude higher than the bulk leakage current [11] which suggests the presence of low surface resistivity at the edge of CdTe. Nevertheless, it is difficult to find a method to experimentally measure and understand the edge resistivity of thick semi-insulating samples created by dicing or edge processing and its subsequent effect on the electric field near the crystal edge.
This difficulty is addressed in here by using TCAD simulation models to understand the surface properties of CdTe and to replicate effects observed experimentally in these detectors. This will allow the development of processes to minimize edge effects and to increase the active area as the industry moves forward to commercialize large panel Cd(Zn)Te radiation detectors.
The TCAD simulation software
TCAD is a finite-element simulation package developed by Synopsys s [12] for the silicon industry to optimize semiconductor processing technologies and devices. It is possible to design and simulate the electric characteristics of semiconductor radiation detectors using tools such as the Structure Editor and Sentaurus Device. TCAD can also be used to simulate other materials than silicon, such as CdTe, but the number of TCAD models and tools applicable to these materials is restricted. The CdTe device is created in the TCAD software using geometric operations that define the bulk crystal and electrodes in either 2D or 3D. In this paper, only 2D structures were simulated. The device structure is modeled using a finite element discretization by creating a 2D mesh of nodes and fragmenting the volume between the nodes into several elements. The semiconductor equations are approximately defined for each element during simulation where the three main variables are the electron and hole concentrations and the electrostatic potential [13] . The primary focus of the semiconductor equations in simulation is to describe the static and dynamic behavior of charge carriers under the influence of electrical fields [14] . The motion of charge carriers is treated to be semi-classical hence the transport of electron and holes in semiconductors is derived from the Boltzmann transport equations. It is incorporated in TCAD through the drift-diffusion model, where the current densities, J ! n;p , for electrons and holes are given by (1) and (2) respectively:
where n and p the electron and hole carrier densities, m n;p the electron and hole mobility and ∇φ n;p the gradient of φ n;p , which are the electrostatic potential (or quasi-Fermi potentials) due to electrons and holes. All of the carrier transport models for semiconductors can be written in the form of the continuity equations that describe charge conservation, given by (3) for electrons and (4) for holes:
where R is the net recombination rate and q the electron electric charge.
Boundary conditions
The solutions to the semiconductor equations require boundary conditions for the contact surfaces and other borders, such as the device edges. Ohmic contacts are used in this simulation for simplicity where charge neutrality and equilibrium and zero barrier height at the metal-semiconductor interface are assumed. The ideal Neumann boundary conditions, also known as reflective boundaries, are adopted at the device edges as artificial boundaries to guarantee that the domain under consideration is self-contained. These state that no current flow exists at the interface, according to (5) for electrons and (6) for holes:
The boundary conditions adopted are particularly important when simulating active-edge devices or the effect of guard bands on the electric performance of any radiation detector.
Simulation parameters
In this paper, a simulation model that reflects edge effects will be validated against experimental data previously published by Duarte et al. [11] . CdTe detectors were investigated using 20 keV monoenergetic X-ray photons. These create a charge cloud 79.73 mm below the detector cathode corresponding to the mean free path of 20 keV photons in CdTe, calculated using the NIST XCOM software [15] . The charge generated by 20 keV is equivalent to 7.22 Â 10 À 4 pC. A w-value of 4.43 eV per electron-hole-pair was used for this calculation [16] . A 1 mm thick device made from the standard CdTe material in the TCAD library was used in the simulation. No trap states are present in this material and the charge carrier mobilities (μ) and lifetimes (τ) have values of: τ e ¼ 5 ms, τ h ¼0.5 ms, μ e ¼1000 cm 2 (V s)
. The charge collecting time implemented in the simulation is of 2 ms, the same value as the shaping time used in the HEXITEC ASIC, in order to compare experimental data with simulation data.
This device was biased at À400 V. It is defect-free (no traps or dopants present) and has a bulk resistivity of 6.9 Â 10 10 Ω cm, an order of magnitude higher than commercial available CdTe ( $10 9 Ω cm) [17] . To build an ideal CdTe material in TCAD would require knowledge of the doping and trapping states in the material that are beyond the purpose of the simulations presented here. Hence, all the resistivity values used in this simulation are relative to the bulk resistivity of the TCAD material.
TCAD simulation of a pixelated CdTe
The most important parameters in a semiconductor radiation detector simulation are the electric field, electrostatic potential and weighting potential that determine the path the charge carriers will follow and the charge induced in a pixel. Fig. 1(a) shows the electric field profile for an active-edge pixelated CdTe detector with a 250 mm pixel pitch and an edge pixel of 350 mm.
The electric field strength is uniform throughout the bulk of the detector but shows an increase in field strength closer to the pixel contacts with a decrease of field between pixels. Fig. 1(b) shows the electrostatic potential for the same device where charge carriers travel perpendicularly to the equipotential lines.
Another parameter of interest is the pixel weighting potential which is solely reliant on the detector geometry. The weighting potential is a theoretical tool that is used to describe charge induction in small pixel detectors [18] . In an imaging geometry, the weighting potential near the anode can be enhanced by reducing the pixel size relative to the thickness of the detector. This phenomenon is known as the "small pixel effect" and ensures that only charge carriers that drift close to the detector pixels induce a significant charge. This is important in CdTe detectors where the poor transport of holes can lead to significant degradation of the spectroscopic performance in simple anode geometries.
The weighting potential of an edge pixel in this CdTe detector has been compared to that of a bulk pixel (Fig. 2) . The simulation shows that the weighting potential of the bulk pixel is constrained closer to the anode compared to the edge pixel which shows less of a small pixel effect and behaves much more like a planar detector. As a consequence, there is a larger contribution of holes to the induced signal on the edge pixel. Fig. 3 shows the drift and diffusion of a charge cloud due to 20 keV photons at 2 ns (a), 50 ns (b) and 100 ns (c) after the interaction in an active-edge CdTe radiation detector. The charge is fully collected by the edge pixel despite its proximity to the physical edge. It is clear that no edge effects are present in this idealized simulation with only the Neumann boundary conditions at the edge of the device.
This shows that the default settings of TCAD are not able to reproduce edge effects observed experimentally in CdTe. If real device performance is to be simulated, there is a need to alter the boundary conditions of the CdTe device simulation.
Simulation of low resistivity surfaces
In reality CdTe crystals do not have ideal edges as surfaces are damaged or altered during dicing, processing, handling and bonding of radiation detectors. Fig. 4 shows how chipping, pits and dicing marks are clearly visible on the edge surfaces of a 1 mm thick CdTe crystal fabricated by Acrorad Ltd.
These deformities at the surface result in electrically active defects that create leakage current paths at the surface of CdTe radiation detectors [19] . These deformities appear across the edge surfaces depending on the quality of the dicing cut or final edge surface processing and on the handling of the crystals. Many of these defects are located at the boundaries of the edges where the brittle CdTe material can be easily damaged.
The effect of this localized damage on the internal electric field is important for radiation detectors that use active-edge technology, where charge is collected up to the physical crystal edge. The edge current density in CdTe has been measured experimentally to be at least an order of magnitude higher than the bulk current density [11] suggesting low resistivity surfaces are present in CdTe radiation detectors. This knowledge can be implemented in TCAD to understand the effect of localized surface damage on the charge collection efficiency of CdTe.
A 10 mm wide edge region of the CdTe was replaced with a new layer with a reduced resistivity, changing the edge from its ideal Neumann conditions. An initial study was completed with the low resistivity layer covering the whole edge surface from cathode to anode. This conductive layer can be used to approximate the effect of electrically active defects that may be introduced by dicing across the crystal edge. The resulting electrostatic potential is seen in Fig. 5 for an edge layer resistivity of 10 7 Ω cm (a) and 10 10 Ω cm (b) whilst the bulk resistivity of the device is 6.9 Â 10 10 Ω cm.
This initial simulation indicates that the presence of low resistivity edge surfaces can cause bending of the electrostatic potential, resulting in a change of the path of charge carriers deposited in the volume above the edge pixel to the neighboring bulk pixels, as the charge transport occurs perpendicularly to the equipotential lines (Fig. 5c) . No additional counts have been observed experimentally in pixels neighboring edge pixels [11, 20] although similar results have been observed experimentally in silicon radiation detectors [21] . The results show that the introduction of a low resistivity layer at the edge of the crystal, as an approximation of the effect of blade dicing, is able to modify the electrostatic potential but is unable to reproduce the effects observed experimentally in active-edge CdTe radiation detectors.
Pits and crystal chipping (Fig. 4 ) may result in localized low resistivity areas at the edge. A second simulation was made to observe the effect of these highly localized areas of low resistivity at different positions along the detector. A 300 mm long low resistivity layer was created at the edge nearer to the cathode (a), between the cathode and anode (b) and closer to the anode (c). The effect of these localized areas of low resistivity on the electrostatic potential is shown in Fig. 6 .
The resistivity values of each layer were altered over 10 orders of magnitude to observe their effect on the charge collection from 20 keV photons deposited above the center of the 350 mm edge pixel. The charge collection was monitored for the edge pixel and its neighboring bulk pixel. The results are shown in Fig. 7 . The simulated charge collection efficiency is given by the ratio of the charge measured at the pixel to the initial charge deposited in the device (20 keV).
Full charge collection on the edge pixel is observed when the layer resistivity approaches that of the simulated bulk (410 10 Ω cm) for all three positions studied.
A low resistivity layer positioned near the cathode (top layer) with resistivities lower than 10 10 Ω cm results in charge being collected by the neighboring bulk pixel instead of the edge pixel. This is consistent with the bending of the electrostatic lines seen in Fig. 5(a) and (c) that directs the charge to the neighboring pixel. Under the same conditions, but with the layers positioned in the middle or near the anode (bottom layer), there is a small percentage of charge collected by the bulk pixel but there is a large percentage of charge that is lost. Up to 35% of the total charge is lost when the layer is positioned in the middle whereas less than 15% charge loss in observed for the low resistivity layer positioned near the anode.
This loss of small amounts of charge, particularly when the low resistivity layer is positioned in the middle of the crystal, is similar to those seen experimentally in [11] and suggests that the experimental loss of charge may be related to localized defects at the surface of the CdTe edges. Nonetheless, edge defects introduced by dicing, processing or handling the crystals are unlikely to be isolated to a few small regions of low resistivity. Dicing introduces electrically-active traps across the cut surface whilst chipping, cracks, scratches and pits also contribute to the decrease of resistivity at the surface of CdTe. To produce realistic results, any edge simulation must include a model that accounts for the range of defects occurring at the crystal edge.
The experimental results obtained in [11] suggest a charge loss of 20% occurs within 200 mm of the physical edge of CdTe and that no charge or insignificant amounts of charge are collected by the neighboring bulk pixel. To this end, and to create a simulation model that recreates the experimental results, the outcomes of Fig. 7 suggest a layer with lower resistivity than the others must be present nearer to the middle of the edge.
A model with an edge layer with variable resistivity from 10 8 Ω cm to 10 10 Ω cm was developed as shown in Fig. 8, taking into consideration the results obtained in Fig. 7 and [11] . The presence of a variable low resistivity layer at the edge creates a potential well above the edge pixel (Fig. 9a) . It also gives rise to the bending of the electrostatic equipotential lines around the lowest resistivity edge layers (Fig. 9b) . The well has a minimum potential of 560 V/cm when it is measured 200 mm away from the crystal edge compared to 4000 V/cm for a bulk pixel. The electric field strength tends towards that of the bulk as the distance to the damaged layer increases.
The potential well and the bending of the electrostatic lines cause the charge cloud deposited by a 20 keV photon to drift towards the low resistivity edge layer as seen in Fig. 10 . The low field strength in this region results in an increase of the recombination rate of the charge carriers, as the charge drift slows in the low potential region, leading to charge loss. Fig. 11 compares a line scan obtained experimentally with a simulated line scan in a CdTe device with the simulated geometry shown in Fig. 8 . Both line scans were obtained by depositing 20 keV X-ray photons in steps of 25 mm from the physical edge of the crystal. The charge collection efficiency at each position was calculated for the simulation and for the experimental data. The experimental charge collection efficiency is defined as the ratio of the photopeak centroid measured in an edge pixel position near the crystal physical edge to that of a position in the same pixel but with the same photopeak centroid as a bulk pixel. Using the model shown in Fig. 8 , the simulated measurements are consistent with those observed experimentally with a monochromatic microbeam [11] where reductions in charge collection efficiency were observed close to the physical edge of the crystal.
The simulated data fits well with the experimental line scan. In both, there is a loss of CCE up to 200 mm of the physical edge. There is a small difference between the experimental and simulated data possibly due to the fact that the simulated model does not take into account traps present in the bulk material of CdTe and the higher concentration of trap states that are present at the crystal edge in real devices. This higher concentration of trap states at the crystal edge is responsible for trapping charge carriers and if their de-trapping time is longer than the HEXITEC collection time (o2 ms), those charge carriers will not be contribute to the detector signal, which results in a reduction of CCE at the crystal edge.
Conclusions
TCAD simulations are a powerful tool in aiding semiconductor detector design and understanding complex physical problems that cannot be easily explained experimentally. TCAD was used to understand the cause of edge effects measured experimentally seen in an active-edge 1 mm thick CdTe radiation detector. A CdTe device model with a low resistivity edge surface was created. This model shows how a low resistivity surface creates a region of low electric field strength near the edge leading to a reduction in charge collection efficiency of the edge pixels. The simulated results compare well with experimental data.
The TCAD simulation adds evidence to the conclusion that the edge effects observed in the experimental data are due to the existence of damage at the crystal edge that modifies the resistivity of edge surfaces. The use of advanced wafer dicing techniques that limit this damage, or the use of post-dicing edge processing techniques, may reduce the edge effects in CdTe allowing high quality activeedge detectors to be produced.
